Introduction
Soybean flowering time is largely determined by photoperiod. Flowering time determines the length of vegetative growth and number of auxiliary nodes produced by the plant. A longer vegetative growth period results in more auxiliary nodes, in turn increasing the numbers of flowers, pods and finally seeds (Patterson et al. 1977) . A 16 d delay in flowering initiation can increase total seed weight by >80% under experimental conditions (Patterson et al. 1977) . However, long vegetative growth reduces the number of possible harvests per year and increases the chance of damage from biotic or abiotic stress. Soybean flowering is exquisitely sensitive to day length, with just a 0.5 h difference in photoperiod being sufficient to induce flowering in some soybean varieties (Board and Hall 1984) . Therefore, changes in latitude are sufficient to induce or suppress flowering and affect yield. For effective production of soybean at different latitudinal zones, soybean varieties have been categorized into about 10-13 major maturity groups based on productivity potential in different latitudinal clines (Jia et al. 2014) . The causative genetic changes allowing these maturity groups to maintain productivity at various latitudes are largely determined by the combination of different E loci alleles (Jia et al. 2014 , Langewisch et al. 2017 . Climate change has mobilized crop cultivation due to changes in growth season temperature, availability of water, soil fertility and market demand. A predictive model of land use in 2100 suggested that soybean cultivation will continue to spread further away from current cultivation zones (Fodor et al. 2017) . Maintaining productivity of soybean in the varying photoperiods of new latitudinal cultivation zones will require the generation of new soybean varieties with altered sensitivity to day length.
In the past few decades, effort has been made to study the molecular mechanisms controlling flowering and maturation time of soybean. Roughly 10 major loci, named E1-E10, were identified. In brief, E1 encodes a legume specific B3-like domain containing a nuclear protein that suppresses the expression of two florigen genes, GmFT2a and GmFT5a, resulting in delayed flowering (Xia et al. 2012) . The majority of natural E1 alleles cluster in four groups, E1, e1-as, e1-fs and e1-nl. E1 most strongly suppresses the expression of GmFT2a and GmFT5a (Xia et al. 2012) . e1-as contains a non-synonymous mutation that lead to mislocalization of the E1 protein and reduces its functional potential. e1-fs contains a 1 bp deletion that leads to a truncation of the C-terminal portion of the protein, and e1-nl is a deletion of the entire E1 gene. Both e1-fs and e1-nl are nonfunctional (Xia et al. 2012) . E2 encodes the ortholog of Arabidopsis GIGANTEA (GmGIa) that plays a variety of roles in environmental sensing and development (Watanabe et al. 2011b ). There are three major and one minor haplotypes of E2 (Wolfgang and Charles 2017) . Haplotype 1 contains a nonsense mutation at base pair 1,561 of the coding sequence (Watanabe et al. 2011b, Wolfgang and Charles 2017) . This nonsense mutation, the e2 allele, causes a recessive early flowering phenotype (Watanabe et al. 2011b, Wolfgang and Charles 2017) . E3 and E4 encode the photoreceptors PHYA3 (Watanabe et al. 2009 ) and PHYA2 (Liu et al. 2008) , respectively, which are involved in the regulation of E1 (Xia et al. 2012) . The E5 locus has been controversial, with some suggesting that the E5 phenotype might be caused by contamination of different E2 alleles in the population and warrants further study (Dissanayaka et al. 2016) . Recently, E6 and another locus J were hypothesized to be the same locus (Li et al. 2017c , Yue et al. 2017 ) and found to contain an ortholog of Arabidopsis EARLY FLOWERING 3 (ELF3) that regulates flowering time under inductive short-day conditions . The identities of E7 (Cober and Voldeng 2001) and E8 (Cober et al. 2010) are still largely unknown. The E9 locus contains GmFT2a, a florigen (Zhao et al. 2016) , and E10 was found to contain GmFT4, a florigen gene, and the most likely candidate for a causal gene within this locus (Samanfar et al. 2017) . Furthermore, a number of FT (Kong et al. 2010 , Fan et al. 2014 , Zhai et al. 2014 , Liu et al. 2018 and CONSTANS (CO) (Fan et al. 2014 , Cao et al. 2015 homologs were also identified as regulators of flowering time. More detailed discussions of flowering and maturation mechanisms of soybean have been reviewed recently (Watanabe et al. 2011a .
Pseudo-response regulator (PRR) proteins are important circadian clock-associated transcriptional repressors. The Arabidopsis PRR family consists of five members (APRR1/ TOC1, APRR3, APRR5, APRR7 and APRR9) (Somers et al. 1998) . A PRR protein contains three major domains, namely the pseudo receiver (PR) domain, the intermediate region (IR) with an ERF-associated amphiphilic repression (EAR) motif, and the CONSTANS, CO-like and TOC1 (CCT) domain. Genetic studies suggest that all PRRs contribute, at least partially, to regulation of photoperiodic flowering in Arabidopsis. Loss-offunction mutations in APRR5, APRR7 and APRR9 cause delayed flowering (summarized in Nakamichi et al. 2005 ) probably due to the loss of CO stability (Hayama et al. 2017) . Mutation of APRR1/TOC1 has little effect on flowering time under long-day conditions, but causes early flowering in non-inductive shortday conditions (Somers et al. 1998) . A flowering defect in the aprr3 mutant has not been reported, but overexpression of APRR3 causes delayed flowering (Murakami et al. 2004 ). In contrast, several PRR37 genes in grasses, which are evolutionarily related to both eudicot PRR3 and PRR7 (Farre and Liu 2013) , have been shown to regulate flowering time in natural accessions (Turner et al. 2005 , Murphy et al. 2011 , Koo et al. 2013 . For example, the Heading day 2 (Hd2) quantitative trait locus (QTL) encodes OsPRR37, which regulates flowering time by modulating the expression of Hd3a, an ortholog of FT in rice (Koo et al. 2013) . Natural alleles of OsPRR37 that contain lossof-function mutations of the CCT domain reduce photoperiod sensitivity (Koo et al. 2013) . Furthermore, sequence variations can also be found in the PR domain of photoperiod-insensitive alleles of SbPRR37 in sorghum (Klein et al. 2015) . SbPRR37 suppresses the expression of FT through enhancing the expression of CO, which is a negative regulator of flowering under long-day conditions in sorghum (Murphy et al. 2011) .
In a previous study, two unstudied QTLs were found to regulate the growth period of a wild cultivated recombinant inbred line (RIL) population (Qi et al. 2014) . The two novel loci on chromosome 11 and 12 are named Growth Period 11 (Gp11) and Growth Period 12 (Gp12) to ease discussion herein. Gp11 and Gp12 together with the E1 and E2 loci explain >60% of the variance in growth period in the RILs (Qi et al. 2014 ). Gp11 and Gp12 account for half of the variance, suggesting that they are important growth period determinants. Despite the importance of Gp11 and Gp12, they have not been characterized as of yet.
We performed genetic and molecular characterization of Gp11 and Gp12 in this study. We discovered that Gp11 and Gp12 contain unexplored components of the genetic network that control the growth period of soybean in non-inductive long-day conditions. The two loci are functionally redundant and may be genetically interacting with the well-characterized E2 locus to regulate the expression of GmFT2a and GmFT5a in the morning under long-day conditions. Gp11 and Gp12 are duplicated regions and each contains a copy of the ortholog of PSEUDO RESPONSE REGULATOR 3 (GmPRR3A and GmPRR3B). GmPRR3A and GmPRR3B from the cultivated parent carry large effect mutations that were probably selected during domestication and lead to the loss of the CCT domain in the encoded proteins which alter nuclear functions. This work increases our understanding of the genetic and molecular changes that occur during cultivation of soybean and will probably inform growth period studies and genetic engineering in many cultivated crop species.
Results
Gp11 and Gp12 are genetically redundant loci that regulate growth period Four loci were previously shown to regulate the growth period in soybean RILs (Qi et al. 2014) . We sought to determine genetic interactions between Gp11, Gp12, E1 and E2 (GmGIa). The growth periods of RILs were summarized according to their genotypes in the four growth period QTLs (Table 1) . In the 4 year data, the growth period of RILs harboring both Gp11 and Gp12 alleles from their cultivated parent C08 (Gp11 C08 / Gp12 C08 ) are on average 17.6 d shorter than those harboring Gp11 and Gp12 from W05 (Gp11 W05 /Gp12 W05 ) ( Table 1) . The growth periods of lines with either Gp11 C08 or Gp12 C08 are around 5 d shorter than that of those lines having Gp11 W05 / Gp12 W05 . The effect of having Gp11 C08 /Gp12 C08 together is larger than adding up the effect of each locus alone, suggesting that Gp11 and Gp12 may be genetically redundant. Furthermore, in 2008 Furthermore, in -2010 , the effect of Gp11 and Gp12 was less prominent in RILs carrying E2 alleles, indicating that Gp11 and Gp12 may genetically interact with the E2 locus in regulation of the soybean growth period. To test this, we reanalyzed the phenotypic data using the multiple interval mapping (MIM) method that can reveal QTL interactions ( Table 2) . We detected QTL peaks from 2008 and 2010 falling into E1, E2, Gp11 and Gp12 regions defined by Qi et al. (2014) . In 2009, peaks were detected in E1, E2 and Gp12. A peak two bins away from Gp11 was also detected in 2009. Mapping results of 2011 were largely different from other years, probably due to stochastic environmental conditions that we cannot account for. Mapping of E1, E2, Gp11 and Gp12 in multiple years regardless of the methodology used for analysis, composite interval mapping (Qi et al. 2014) or the MIM method, suggests that these are important loci that play a genetic role in regulating the growth period of soybean. Furthermore, we have also identified additive by additive interactions between E2 and Gp11 in the 2008 and 2010 experiments. Interaction between E2 and Gp12 was detected only in 2010. MIM is considered a robust but less sensitive method to detect QTL interaction (Kao et al. 1999) . Because MIM detected an interaction between E2 and Gp11 and Gp12, this suggests that Gp11 and Gp12 are functionally linked to E2.
Gp11 and Gp12 regulate the expression of GmFT2a and GmFT5a
The growth period in soybean is largely determined by flowering time, and the E loci identified are involved in the regulation of flowering time and expression of flowering time genes in soybean. We hypothesized that Gp11 and Gp12 are involved in flowering time regulation and determined the expression of flowering time genes E1, E2 (GmGIa), GmCO, GmFT2a and GmFT5a (Fig. 1) .
To test whether E1 and E2 alleles influence the role of Gp11 and Gp12, we randomly selected RILs from four different genogroups (Table 1; Fig. 1 : E1E2, e1E2, E1e2 and e1e2) for further study. Testing all four genogroups was necessary because the two parental lines, C08 and W05, contain different E1 and E2 alleles [C08, e1-as/E2 (herein e1/E2); W05, E1/e2]. The expression of GmCO, E1 and GmGIa was similar between W05 and C08 throughout the day (Fig. 1A-C) . Although there are some differences between RILs at individual time points, there is not a consistent pattern between different genogroups that can account for the growth period phenotype (Fig. 1A-C) .
GmFT2a and GmFT5a are well-characterized florigens from soybean, and induction of their expression results in the transition to flowering (Kong et al. 2010 , Fan et al. 2014 , Zhai et al. 2014 , Liu et al. 2018 ). GmFT2a and GmFT5a have a major peak in expression at (Zeitgeber time) ZT4 and a minor peak at ZT12 under long-day conditions ( Fig. 1D, E; Supplementary Fig. S1 ). Expression of both GmFT genes was statistically higher in the cultivated parent C08 when compared with the wild parent (Fig. 1D , E, column 1). Under nearly all conditions, the major peak at ZT4 was increased with Gp11 C08 and Gp12 C08 . The one exception is GmFT5a which is slightly reduced in the E1/E2 background with Gp11 C08 and Gp12 C08 (Fig. 1E , column 4). The derepression of GmFT2a and GmFT5a by Gp11 C08 and Gp12 C08 is independent of the E1 allele (Fig. 1D, E ) but is more prominent in the e2 background. In contrast, under short-day inductive conditions, expression of GmFT2a and GmFT5a is no longer suppressed at ZT4 in the wild parent W05 (Supplementary Fig. S2 ).
Refinement of Gp11 and Gp12 loci
To identify the candidate genes corresponding to Gp11 and Gp12, we manually reanalyzed the phenotype and the bin map from a previous study (Qi et al. 2014 ). In the previous study, boundaries of QTLs were defined by 1.5 drop of the maximum log-of-odd (LOD) scores. This systematic cut-off may have resulted in loss of recombinant break points within the QTL. It is the case that three RILs (R01, R36 and R66) have recombinant break points within the previously defined Gp11 and Gp12 loci ( Supplementary Fig. S3 ). By analyzing these lines, Gp11 was further narrowed to 114 kb (Chr11: 11167414-11281795) containing 10 genes and Gp12 to 316 kb (Chr12: 5386574-5702668) containing 20 genes ( Fig. 2; Supplementary Fig. S3 ; Supplementary Table S1 ). The two loci are duplicated regions in the genome and they consisted of a similar set of genes ( Fig. 2Supplementary Table S1 ). The finding that Gp11 and Gp12 are in duplicated regions of the genome supports our earlier hypothesis that Gp11 and Gp12 are genetically redundant.
Identification of PRR3 homologs carrying large effect mutations in Gp11 and Gp12
We aimed to look for duplicated gene pairs with large effect mutations within the Gp11 and Gp12 regions of the genome. There 
). Expression of GmFT2a and GmFT5a normalized with Bic-c2, HDC and Glyma05g27480 independently can be found in Supplementary Fig. S1 . *Significant at P < 0.05; **Significant at P < 0.01; ***Significant at P < 0.001.
are six pairs of genes in the narrowed Gp11 and Gp12 regions ( Fig. 2; Supplementary Table S1 ). Comparing the reference sequence of Williams 82 (Schmutz et al. 2010 ) and the draft genome of W05 (Qi et al. 2014) , we identified two gene pairs with both orthologs containing non-synonymous mutations or other large effect mutations. Glyma11g15520 and Glyma12g07910 encode P-loop-containing nucleoside triphosphate hydrolases. Both contain one non-synonymous mutation ( Fig. 2; Supplementary Table S2 ). The second pair Glyma11g15580 and Glyma12g07861 encode PRRs. Glyma11g15580 contains two non-synonymous mutations. In addition, Glyma11g15580 from Williams 82 has a single base deletion near the 3' end at base pair 2,207 of the coding sequence (CDS; Fig. 3A) , which leads to a frameshift and loss of the C-terminal CCT domain in the encoded protein (Fig. 3A) . Glyma11g15580 from W05 lacks this deletion, resulting in the presence of full-length PRR3 protein including the CCT domain. Similarly, Glyma12g07861 from C08 possessed an ochre mutation (CAA to TAA) at the 627th codon near the 3' end (Figs. 2, 3A) . This causes the loss of the C-terminal CCT domain and is absent in Glyma12g07861 from W05 (Figs. 2,  3A) . C08, which shared a recurrent parent with Williams 82, was confirmed to have the same Glyma11g15580 and Glyma12g07861 alleles as Williams 82 by Sanger sequencing of the cloned CDS. Because both Glyma11g15580 and Glyma12g07861 contain large effect mutations that cause an important protein domain to be removed from the cultivated alleles, it is possible that this gene pair could affect the growth period.
PRR genes are evolutionarily conserved regulators of flowering time and the circadian clock. Glyma11g15580 (renamed as Glyma.U034500 in the later Wm82.a2.v1 annotation) and Glyma12g07861 (renamed as Glyma.12G073900) showed 41% and 61% protein sequence identities, respectively, with Arabidopsis PRR3 (APRR3) and form a distinct clade with APRR3 in phylogenetic analysis (Fig. 3B) . This PRR3 clade is distinct from the PRR7 clade and monocot PRR37 clade (Fig. 3B) . Furthermore, as soybean and Arabidopsis are distinct species, instead of performing base by base syntenic analysis, we look for co-localization of genes based on annotated functions and sequence similarity ( Fig. 2; Supplementary Table S1 ). Of the 50 genes around APRR3, 15 of them have orthologs in Gp11 and Gp12. These 15 genes are in the same order in Gp11, Gp12 and the Arabidopsis genome, suggesting that these three regions are syntenic. Forty genes around APRR7 were also compared (Supplementary Table S1 ), but the same pattern was not observed. This further supports that GmPRR3A in Gp11, GmPRR3B in Gp12 and APRR3 are orthologus genes. Thus, we named Glyma11g15580 as GmPRR3A and Glyma12g07861 as GmPRR3B. GmPRR3A and GmPRR3B are the only two APRR3 orthologs found in the Williams 82 reference genome.
The PR domain (residues 65-183 of APRR3) of GmPRR3A
W05
and GmPRR3B W05 share 81% and 80% sequence identities with that of APRR3, while the CCT domain (residues 442-484 of APRR3) shared 86% and 86% sequence identities with APRR3. GmPRR3A W05 and GmPRR3B W05 shared 87% sequence identities. The main difference between GmPRR3A W05 and GmPRR3B W05 is that GmPRR3A
W05 has 46 more residues in the IR between the PR domain and the CCT domain.
Large effect mutations in GmPRR3 genes are associated with domestication
To examine the association of prr3 mutations in the domestication of soybean, we performed further analyses of genomic information from 302 soybean germplasms (Z.K. . The allele frequency of the ochre mutation of GmPRR3B increased from 5.6% in wild soybeans to 78.1% in landraces to 98.6% in improved cultivars ( Fig. 2; Supplementary Table S2 ), suggesting that mutation of GmPRR3B is not germplasm specific or unique to the C08 line used in this study. This pattern is not observed in other non-synonymous mutations in the CDS of duplicated genes in the region. This also supports the idea that mutation of GmPRR3B is associated with domestication or human-derived improvement of soybean cultivars.
Although there is no direct evidence supporting that the 1 bp deletion in GmPRR3A is widespread in cultivated germplasms based on available resequencing data, two lines of evidence suggest that GmPRR3A is modified during domestication. First, our data show that W05, the wild parent, encodes a full-length GmPRR3A protein, while both domesticated lines, C08 and Williams 82, contain the 1 bp deletion resulting in a frameshift in the C-terminus. As additional evidence, the 1 bp is linked to a domestication-selected non-synonymous mutation G504A (Fig. 2) . To confirm this further, we analyzed 117 single nucleotide polymorphisms (SNPs) from the 302 soybean cultivars (Z.K. within the genomic sequence of GmPRR3A using principal component analysis (PCA). PCA showed that 102 out of 110 improved cultivars share the same or very similar GmPRR3A sequences with Williams 82 despite ambiguous base calling and missing data. While this evidence is correlative, the 1 bp deletion is likely to be linked to these same SNPs in C08 and Williams 82 (Supplementary Fig. S4 ).
GmPRR3 expression is rhythmic in diurnal conditions
Genes involved in the circadian clock or seasonal changes often have daily rhythms in expression (Matsushika et al. 2000) . To determine the daily expression patterns of GmPRR3A and GmPRR3B, we collected leaf tissue from 3-week-old soybean plants every 4 h for 1 d. Under long days (16 h light/8 h dark at 25 C), both GmPRR3A and GmPRR3B showed diurnal expression patterns that peak at ZT8 or ZT12 in the parental lines and RILs (Fig. 4) . In the parental lines, the amplitude of the expression of GmPRR3A and GmPRR3B was lower in short days compared with long days (Supplementary Fig. S2 ). This suggested that rhythmic expression of GmPRR3A and GmPRR3B could be regulated by day length (Matsushika et al. 2000) .
Nuclear localization of GmPRR3s is controlled by the CCT domain
From our genetic data, we see large-scale mutations occurring in domesticated soybean that would probably have a functional consequence on GmPRR3 function. We sought to determine the molecular effects of mutations in the cultivated C08 GmPRR3A and GmPRR3B that result in loss of the CCT domain. As expected, loss of the CCT domain does not affect homodimerization of GmPRR3s, which is likely to be mediated by the PR domain ( Supplementary Fig. S5 ). The CCT domain was previously found to be essential for nuclear functions of PRR proteins (Gendron et al. 2012) . Prediction using NLStradamus (Ba et al. 2009 ) also suggested that the CCT domain of GmPRR proteins contains a nuclear localization signal ( Supplementary Fig. S6 ). We tested whether loss of the CCT domain in cultivated GmPRR3A and GmPRR3B abolishes the nuclear localization of GmPRR3s. GmPRR3s were expressed as yellow fluorescect protein (YFP) fusions under the control of the 35S promoter in Arabidopsis protoplasts. Confocal microscopy was used to detect the fluorescence signal of YFPGmPRR3A W05 and YFP-GmPRR3B W05 (intact CCT domain) and YFP-GmPRR3A C08 and YFP-GmPRR3B C08 (CCT domain deleted). YFP-GmPRR3A W05 and YFP-GmPRR3B W05 co-localized with the nuclear markers, suggesting that they are solely expressed in the nucleus (Fig. 5) . YFP-GmPRR3A C08 and YFP-GmPRR3B C08 show a diminished fluorescence signal in the nucleus and the fluorescence was also observed in cytoplasmic strands (Fig. 5A) . We quantified the ratio of nuclear to cytoplasmic signal and found that YFP-GmPRR3A C08 and YFPGmPRR3B C08 have a lower nuclear to cytoplasmic ratio than YFP-GmPRR3A W05 and YFP-GmPRR3B W05 (Fig. 5B, C) . This shows that the CCT domain of GmPRR3A and GmPRR3B is necessary to restrict them to the nucleus.
Phylogenetic analysis defined GmPRR3A and GmPRR3B as orthologous to APRR3. As expected, there are some sequence variations between APRR3 and GmPRR3s. In the CCT domain of APRR3, one arginine that is highly conserved across evolution is changed to histidine and may result in a weaker or sequencespecific interaction with DNA ( Supplementary Fig. S6 ) (Gendron et al. 2012) . In GmPRR3A W05 and GmPRR3B W05 , this residue remains an arginine ( Supplementary Fig. S6 ), making the GmPRR3 CCT domain more similar to other APRR proteins.
GmPRR3s interact with TOPLESS-related proteins
Our data suggest that GmPRR3A and GmPRR3B do not regulate GmFT expression by controlling the expression of upstream regulators of GmFT such as E1 and GmCO (Fig. 1) . Based on previous work showing that PRR proteins can physically associate with the transcriptional repressor TOPLESS (TPL) (Wang et al. 2013) , we hypothesized that GmPRR3A or GmPRR3B may act as transcriptional repressors in association with GmTOPLESS or TOPLESS-related (TPR) proteins. We tested the interaction between GmPRR3A and GmPRR3B with TPL from Arabidopsis (AtTPL) and TPR from soybean (GmTPR) using yeast two-hybrid assay. GmTPR (Glyma.13g367300) is the closest ortholog of AtTPL (84% protein sequence identities). Both GmPRR3A and GmPRR3B interact with AtTPL and GmTPR independently of the CCT domain (Fig. 6) .
Arabidopsis PRR proteins interact with TPL through the EAR motif, and a previous study suggested that APRR3 has an amino acid substitution in the EAR motif rendering it unable to interact with TPL (Wang et al. 2013) . As a result, the function of APRR3 as a transcriptional repressor is still largely unconfirmed. Unlike APRR3, both GmPRR3s possess a conserved EAR motif ( Supplementary Fig. S7 ) and interact with AtTPL and GmTPR. We tested the role of the EAR motif of GmPRR3 in mediating this interaction. GmPRR3A W05-L493Q and GmPRR3B W05-L446Q , GmPRR3s with mutated EAR motifs mimicking APRR3, show no interaction with AtTPL or GmTPR (Fig. 6) . We speculate that the function of GmPRR3A and GmPRR3B in soybean is relying on the interaction with TPLs and this makes the difference between APRR3 and GmPRR3A/GmPRR3B.
Discussion
Here we characterized two growth period QTLs on chromosomes 11 and 12 (Gp11 and Gp12) in the soybean genome, demonstrating that Gp11 and Gp12 are redundant regulators of the growth period. Previously it was shown that Gp11 and Gp12 (Qi et al. 2014) , along with QTLs associated with E1 and E2, contribute to regulation of maturation time, and we were able to expand on this work by demonstrating that they are possibly interacting genetically with the E2 locus but not E1. We further tested these genetic interactions using gene expression analyses and show that they can derepress the expression of GmFT2a and GmFT5a in the morning in the E1 and e1-as background in long days (Fig. 1D, E) , supporting the idea that Gp11 and Gp12 are functionally independent of E1 in regulation of the expression of GmFT2a and GmFT5a. Furthermore, control of GmFT expression by Gp11 and Gp12 is less prominent in RILs carrying the E2 allele compared with those carrying e2 (Fig. 1D,  E) . Interestingly, E2 regulates the expression of GmFT2a only but not GmFT5a (Watanabe et al. 2011b ) which agrees with our observation that Gp11 and Gp12 did not show a consistent derepression of GmFT5a in lines carrying E2 (Fig. 1E, columns  4-5) . Therefore, the function of Gp11 and Gp12 may rely on e2 (GmGIa). Reanalysis of the QTLs using multiple interval mapping further confirmed the interaction between E2, Gp11 and Gp12. These results indicate that Gp11 and Gp12 constitute a previously unexplored component of the genetic network that controls flowering and maturation time of soybean in addition to the well-characterized E loci.
After defining the genetic roles of Gp11 and Gp12 in growth period determination, we sought to identify putative causal mutations in the genes contained in the Gp11 and Gp12 genomic regions. We identified a pair of genes, GmPRR3A and GmPRR3B, that have been implicated previously in circadian clock function or flowering time (Marcolino-Gomes et al. 2014 , Syed et al. 2015 , Li et al. 2017a . Previous studies show that PRR37, a protein evolutionarily related to PRR3 (Fig. 3B) , plays important roles in regulating flowering time in monocotyledonous crops (Turner et al. 2005 , Murphy et al. 2011 , Koo et al. 2013 ). However, little is known about PRR3 orthologs in dicotyledonous crop plants. Even in the model plant Arabidopsis, the function of APRR3 is still largely unknown, possibly due to the loss of the EAR motif and mutations in the CCT domain that make APRR3 an outlier in comparison with other APRRs (Murakami-Kojima et al. 2002 , Para et al. 2007 , Fujiwara et al. 2008 . Few or no studies have shown that PRR3 orthologs are potential candidates for growth period regulators in dicotyledonous crops.
Supportive of our conclusion that GmPRR3 genes are associated with these domestication QTLs, a recent study identified GmPRR3A (Glyma11g15580) as one of nine candidate genes controlling the number of days to flower in a soybean nested association mapping population (Li et al. 2017b ). GmPRR3A contributed the third highest phenotypic variance (8.75%) preceded only by the well-characterized E1 (18.27%) and E2 (12.03%) (Li et al. 2017b ). Furthermore, a recent genome-wide association study (GWAS) using resequencing data of >800 soybean germplasms has found a minor effect locus for regulating the beginning bloom date (BBD) and full bloom date (FBD) on chromosome 12, which overlapped with Gp12 from this study ). This minor effect locus contains only five gene models including Glyma.12g073500, Glyma.12g073600, Glyma.12g073700 (mitogen-activated protein kinase), Glyma.12g073800 and Glyma.12g073900 (GmPRR3B), which further supports that GmPRR3B could be an important candidate regulating the overall growth period of soybean through regulating flowering time. In this study, we showed that derepression of GmFT2a and GmFT5a by Gp11 and Gp12 is at least partially dependent on e2, which is consistent with the fact that the BBD and FBD loci identified in the GWAS ) was shown to interact with the E2 locus as well. Unfortunately, the genomic region containing Gp11 was removed as an unanchored scaffold in the Williams 82 version 2 assembly which was not included in the GWAS .
A few additional studies have identified flowering timerelated loci in close proximity to Gp11 and Gp12 (L. Zhou 
) and R62 (e1/E2/Gp11 C08 /Gp12 C08 ). *Significant at P < 0.05; **Significant at P < 0.01; ***Significant at P < 0.001. et al. , Lu et al. 2016 . Association mapping of 286 soybean accessions using restriction site-associated DNA sequencing (RAD-seq) has identified one locus on chromosome 11 and four loci on chromosome 12 that are associated with flowering time (L. . In the same study, the authors have identified 48 domestication-related loci, of which 29% and 10% are in chromosome 11 and 12, respectively, which suggests that genes on chromosome 11 were targets for selection (L. . On the other hand, a QTL (qFT-B1) was identified on chromosome 11 associated with the simple sequence repeat marker Satt519 (Lu et al. 2016 ). Although Satt519 is only 2.3 Mb away from Gp11, there is no evidence to support that they are the same locus.
We hypothesized that the large effect mutations in the cultivated soybean C08 would have a functional consequence because it causes deletion of the CCT domain from the two GmPRR3 proteins while keeping the N-terminus of the proteins intact. It was reported that OsPRR37 in early heading rice varieties can bear mutations that lead to the loss of a functional CCT domain in the encoded protein (Koo et al. 2013) . Furthermore, GmPRR3A and GmPRR3B are expressed in both W05 and C08, albeit at a lower level in C08 (Fig. 4) . Rather than completely deleting the function of GmPRR3A and GmPRR3B, the loss of the CCT domain may have brought about new functions that are essential for the derepression of GmFT2a and GmFT5a. Although our studies do not provide direct causality, one could imagine that the loss of the CCT domains may lead to the loss of DNA binding ability because, unlike Arabidopsis, GmPRR3 contains the necessary amino acids in the CCT domain for DNA binding ( Supplementary   Fig. 5 Nuclear localization of GmPRR3A and GmPRR3B depends on the CCT domain. GmPRR3A and GmPRR3B were fused in-frame with Nterminal YFP driven by the 35S promoter and co-transfected with the nuclear marker (35S::OsARF4-mCherry) into Arabidopsis protoplasts. The fluorescent signals (yellow and red) were captured by confocal microscopy. (A) Subcellular localization of YFP-GmPRR3A and YFP-GmPRR3B from W05 (intact CCT domain) or C08 (CCT domain deletion). (B and C) Plots represent normalized nuclear fluorescence intensities of GmPRR3A (B) and GmPRR3B (C) from W05 or C08. t-test P-values were 0.0014 (b) and 0.0011 (c), respectively, as indicated as **. DIC: differential interference contrast. Scale bar = 10 mm. n > 3. Typical pictures are shown. All images captured showed the same localization pattern. Fig. S6 ) (Gendron et al. 2012) . We also show here that the loss of the CCT domain changes the subcellular localization of GmPRR3A and GmPRR3B. In addition to these potential functional changes caused by the CCT domain deletions, we demonstrate that the cultivated and wild GmPRR3A and GmPRR3B retain their abilities to form homo-and heterodimers ( Supplementary Fig. S5 ) and their ability to interact with TPL and TPR proteins from Arabidopsis and soybean (Fig. 6) . Thus, the cultivated GmPRR3A or GmPRR3B without the CCT domain may act as a dominant negative regulator by forming non-functional dimers with other PRR proteins and/or TPLrelated transcription factors. It is also possible that GmPRR3 without the CCT domain sequesters an FT-regulating protein complex from the nucleus to prevent it from binding to the FT promoter.
There is a missing link between GmPRR3 and the expression of GmFT2a and GmFT5a in our study. In monocotyledonous crops, PRR37 alters the expression of CO and thus regulates FT expression (Turner et al. 2005 , Murphy et al. 2011 ). However, we did not observe any major changes in CO expression in RILs bearing different alleles of GmPRR3A and GmPRR3B (Fig. 1) . It has been shown that the PRR proteins in Arabidopsis, with the exception of APRR3, can stabilize CO protein and thus promote expression of FT and flowering (Hayama et al. 2017) . Nevertheless, it is also possible that GmPRR3A and GmPRR3B regulate expression of GmFT genes through an unknown mechanism which would require further exploration to define and characterize.
Little is known about the function of GmPRR3 in soybean, making our work an important conceptual leap that allows for future studies investigating soybean PRR3 proteins. In a previous study, expression of GmPRR3A was suppressed under severe drought stress (Marcolino-Gomes et al. 2014) . Although, mild drought stress did not suppress expression of GmPRR3A, it slightly advanced the phase of GmPRR3A expression (Marcolino-Gomes et al. 2014) . Another study found that the four alternative splice forms of GmPRR3A were differentially expressed under drought and flooding stresses (Syed et al. 2015) . Although these alternative splicing events added bases to the transcripts compared with the fully spliced form, alternative splicing events were detected in the 5'-untranslated region which do not affect the reading frame of the coding sequence (Syed et al. 2015) . The change in 5'-untranslated region may alter the translation efficiency of GmPRR3A serving a function in the post-transcriptional regulation of GmPRR3A. Nonetheless, we cannot rule out the possibility that stress may induce alternative splicing in the coding sequence that changes the reading frame and suppress the 1 bp deletion in GmPRR3A to encode a protein with the full CCT domain. Unlike APRR3, GmPRR3 contains the EAR motif and CCT domain, though the CCT domain is removed during domestication. This work makes soybean an excellent model to study the function of PRR3 orthologs in dicots, especially those flowering under short-day conditions. Population genomics not only have shown that domestication bottlenecked the genetic diversity of cultivated soybean, but they also show that there is an expansion of rare alleles (Lam et al. 2010 , Z.K. Zhou et al. 2015 . Gp11 and Gp12 are good examples to demonstrate this observation from genomic studies. Analyses of GmPRR3A and GmPRR3B suggest that genetic diversity of Gp11 and Gp12 has been lost during domestication, while cultivated varieties are carrying alleles that are uncommon in wild soybeans. Genetics studies that involve mostly improved cultivars may be unable to pinpoint Gp11 and Gp12 as loci controlling the growth period. This further supports the idea that studies that include wild crop relatives can help recover information about lost genetic diversity from elite germplasms. This information will certainly be informative to engineer improved crops.
This discovery of a new flowering regulation mechanism in soybean has the potential to benefit current breeding programs directly. By introducing different alleles of Gp11 and Gp12 into elite germplasms, breeders can further fine-tune the growth period of elite soybean under different light regimes. This would allow growers to expand acreage into wider latitudinal ranges and possibly ameliorate the effects of climate change on crop growth periods.
In this study, we characterized two QTLs that contribute to growth period and flowering time in soybean. Domestication has expanded rare alleles of these loci to derepress the expression of GmFT2a and GmFT5a under long-day non-inductive conditions to shorten the growth period of cultivated soybean. These two loci function in a previously unexplored genetic manner with the critical E2 locus. The causal genes are a pair of PRR3 orthologs that contribute to the depression of GmFT genes. Furthermore, the CCT domains of GmPRR3s in cultivated soybean have been lost during domestication, affecting the nuclear functions of GmPRR3s. 
Materials and Methods

Plant growth conditions
The growth period data of the recombinant inbred population were retrieved from a previous study (Qi et al. 2014 
Multiple interval mapping of epistasis analysis
Interactions between QTLs were determined by MIM (Kao et al. 1999) . MIM was done using Windows QTL Cartographer V2.5 (Laurie et al. 2014) . Two rounds of refinement were done based on a previous report (Laurie et al. 2014) . The MIM forward search method was used for initial MIM model selection at 1 cM search walk speed. The initial model was refined twice with the following steps: (i) search for new main effect QTLs; (ii) search for interaction between identified QTLs; (iii) test for the significance of existing main QTLs and discard insignificant ones at a default significant level = 0.05; (iv) testing for the significance of existing QTL interactions and discard insignificant ones with a false-positive rate (FPR) <0.05; and (v) optimizing QTL positions.
Expression studies
Plants were grown under non-inductive long-day conditions which mimic the day length in the field where the phenotypic data from Table 1 were collected for QTL analyses. Expression of each gene was measured every 4 h over 1 d using qRT-PCR with primers specific to each gene (Supplementary Table S3 ). Primer efficiencies of W05 and C08 alleles were tested via dilution series ( Supplementary Fig. S8 ). Soybean tissues were harvested after the first of the trifoliate leaves was fully open. Trifoliate tissues were harvested and snap-frozen in liquid nitrogen at designated time points. Total RNA was extracted using TRIzol TM reagent (ThermoFisher, 15596026). cDNA was synthesized with an iScript TM gDNA Clear cDNA Synthesis Kit (Bio-Rad, 1725034) according to the manufacturer's instructions. qRT-PCR was conducted on a Bio-Rad CFX384 Touch TM Real-Time PCR Detection System. Each 10 ml qRT-PCR contained 10 ng of cDNA, 1Â iTaq TM Universal SYBR Õ Green Supermix (Bio-Rad, 1725120) and 500 nM of each primer (Supplementary Table S3 ). Expression of each target gene was normalized to the geometric mean of the C T values of Bic-C2 (Yim et al. 2015) , HDC (Hu et al. 2009 ) and Glyma05g27480 (Li et al. 2012) . Average expression and the SD were calculated from 3-4 individual plants harvested and processed independently.
Cloning of GmPRR3 genes
Coding sequences of the GmPRR3 genes were amplified from cDNA of W05 and C08 prepared from leaves and cloned into the pENTR-D-TOPO vector (Thermofisher, K240020) according to the manufacturer's instructions. Primer information can be found in Supplementary 
Sequence analysis and phylogenetic studies of PRR proteins
Since QTL mapping of Gp11 and Gp12 (Qi et al. 2014 ) was done using the Williams 82 reference genome version Glyma.W82.a1, sequence-related analyses of GmPRR3A (Glyma11g15580) and GmPRR3B (Glyma12g07861) were done using sequences retrieved from this version of the genome unless otherwise stated. Protein sequences of soybean PRR proteins (orthologs of APRR1, APRR5, APRR7 and APRR9) were retrieved from the soybean Williams 82 reference genome (Wm82.a2.v1). PRR protein sequences of rice and sorghum were retrieved from a previous publication (Takata et al. 2010) . PRR protein sequences of barley were retrieved using the following locus tags HORVU6Hr1G057630, HORVU4Hr1G021000, HORVU4Hr1G057550 and HORVU5Hr1G081620. Other proteins were retrieved from GenBank with accession numbers: APRR1/TOC1, Q9LKL2.1; APRR3, Q9LVG4.1; APRR5, Q6LA42.2; APRR7, Q93WK5.1; APRR9, Q8L500.2; and CONSTANS, Q39057.1. The phylogenetic tree was built using MEGA6 (Tamura et al. 2013 ) with the Maximum Likelihood method based on the Jones-Taylor-Thornton matrix-based model. The initial tree was built using the Neighbor-Joining method. Test of phylogeny was done using the bootstrap method with 1,000 replicates. The synteny study was done using DAGchainer (Haas et al. 2004) . In brief, whole-genome protein sequences of soybean were compared with protein sequences from primary transcripts of soybean and Arabidopsis using Blastp with parameters: max_target_seqs = 4, evalue <1-10E. A list of protein pairs passing these Blastp criteria was used as the input of DAGc hainer. DAGchainer was run using the default settings.
Subcellular localization studies
For subcellular localization studies, the coding sequences of the GmPRR3 gene were recombined into pYFP-GW (Reumann et al. 2009 ) which harbors an inframe N-terminal YFP and is driven by the Cauliflower mosaic virus (CaMV) 35S promoter. Constructs were co-transformed with 35S::OsARF4-mCherry as a nuclear marker (Shen et al. 2010) . Arabidopsis protoplast transfection was performed as previously described (Yoo et al. 2007 ). Transfected protoplasts were incubated overnight in dim light at room temperature, and the subcellular localization of the fluorescent-tagged protein was detected with a Nikon ECLIPSE Ti confocal microscope system.
The fluorescence intensity and area measurements were quantified by ImageJ (National Institutes of Health). YFP fluorescence intensities of all cells in the microscopy field were quantified and averaged as the background value. The area of the nucleus was outlined according to the mCherry nuclear marker signals. The YFP signals in the nucleus were normalized to the background value calculated above. To eliminate the Chl autofluorescence signal, the intensity value ratios of the nucleus to the whole cell to which it belongs were calculated and then multiplied by the corresponding area ratio.
Protein-protein interaction analyses using yeast two-hybrid assay For yeast two-hybrid studies, coding sequences of the proteins of interest were first cloned into the pENTR-D-TOPO vector using primers listed in Supplementary  Table S3 and then recombined into pGBKT7-GW and pGADT7-GW (Lu et al. 2010) by the LR reaction (Thermofisher, 11791100) according to the manufacturer's instruction. Yeast transformation and yeast two-hybrid analysis were done as previously described (Gietz and Schiestl 2007, Lu et al. 2010) .
Statistical analyses
The growth periods of RILs were analyzed using one-way analysis of variance (ANOVA) with a post-hoc Tukey honest significant difference (HSD) test using R version 3.2.5. Gene expression level was analyzed using a Student's t-test. PCA of SNPs with the GmPRR3A gene body was done using the SNPRelate R package (Zheng et al. 2012) . SNP data for PCA were retrieved from a previous study (Z.K. . The major SNP of each site was coded as 0, heterozygous as 1, minor allele as 2 and missing as 3 in the input file.
Supplementary Data
Supplementary data are available at PCP online. 
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